An air-coupled micromachined silicon electrostatic transducer has been used to detect ultrasound generated by a pulsed laser in metals and polymers. Bulk longitudinal and shear wave modes have been observed, as have Rayleigh waves in thick samples and Lamb waves in thinner plates. The results are in good agreement with surface displacement waveforms obtained using a contact capacitance device as a reference. The result is a flexible noncontact ultrasonic system with potential uses in materials characterization.
plates fabricated from silicon. 23-27 Due to the uniformity of this silicon electrode and the accuracy and repeatability of integrated circuit manufacturing techniques, this form of device can be easily standardized. Such a design is used in this paper, and further details are given below. The impedance mismatch between solid materials and air is probably the main reason why air-coupled ultrasonic applications appear to be restricted to areas such as range finding, surface profiling, and object identification, where reflection from an air/solid interface is used. If, however, it is required to couple ultrasound into a material (e.g., for material characterization), then the situation becomes more problematic. The intensity transmission coefficient at normal incidence across a boundary between two materials with different acoustic properties is given by the wellknown equation 28 ott=4ZiZ2/(Z 1 +Z2) 2,
where at is the dimensionless transmission coefficient and Z 1 ,Z 2 are the specific acoustic impedances of the two materials, given by (2) where Pn and c, are the density and acoustic velocity of the material.
The value of ct t at an air/solid boundary is of the order of 0.0001 for most materials, and with such low transmission coefficients, measurement of material properties using air-coupled ultrasound is therefore difficult. Consider the scenario shown in Fig. 1 (a) , in which ultrasound is generated in air, passes through a solid material (e.g., aluminum), and is then detected in air on the opposite side. Only a small fraction of the original acoustic energy is transmit- 
is generated directly in the solid material using a pulsed laser. One of the interfaces with air has effectively been removed, so that now far more of the original acoustic energy reaches the receiver, making material characterization in air more feasible. In addition, a laser source is able to generate a multitude of different waves in a material. The work described here uses this arrangement to detect various laser generated acoustic waves in a number of materials using a silicon-based electrostatic device as a detector.
I. APPARATUS AND EXPEFIIMENT
Initial experiments were performed to detect lasergenerated waveforms in a va:dety of solid materials, using both a micromachined silicon electrostatic transducer operating in air, and a standard broadband contact capacitance device. For the detection of longitudinal and shear waves, the equipment shown schematically in Fig. 2 with a pulse duration of 4 ns and a maximum pulse energy of 120 mi. This was directed onto an aluminum target to give an ablative source, the spot size being approximately 2 mm in diameter. Signals were then detected by the aircoupled electrostatic device, to which adc bias of 100 V was applied via a Cooknell CA6/C charge amplifier with SU2/C power supply. The resultant time waveforms were captured using a Tektronix TDS 540 digital oscilloscope and transferred to an IBM PS/2 model 30 PC via an IEEE/488 interface for storage and analysis. In these experiments, a 5-ram air gap between the sample surface and the transducer was used, although much larger separations are possible. The construction of the air-coupled device is shown schematically in Fig. 3 . It used a silicon wafer into which small pits 40 ftm in diameter, 80 pm apart, and approximately 30 ftm deep had been anisotropically etched. A thin gold electrode was then evaporated onto the silicon, over which the metallized polymer film (7.5-/zm "Kapton" polyimide) was placed. The applied bias voltage draws the film tightly over the etched pits causing them to behave in a similar way to miniature drum skins. The device used here had dimensions of 10 X 7 mm, and could act as both a transmitter and receiver of ultrasonic transients, but in these experiments it was acting as a receiver only.
To characterize the waveforms detected by the silicon transducer in air, waveforms were also detected for similar generation conditions using a contacting capacitance transducer, using the aluminum sample as one electrode (earthed), and a steel sphere in an insulated brass case as the second electrode, as shown in Fig. 4 . This form of capacitance device has been well documented, and is known to be a broadband displacement sensor. 4 A household polymer film of 5 btm thickness was used as the dielectric between the two electrodes. Experiments were performed by simply replacing the micromachined silicon electrostatic air device with the contacting capacitance transducer, using the same bias voltage/charge amplifier unit and digital waveform recording facilities.
In addition to bulk modes transmitted through a sample and into air on the opposite side, Rayleigh waves 29 generated on a thick solid sample were studied. These experiments used the apparatus shown previously in Fig. 2 , but with the laser source and air-coupled detector on the same surface, and the detector inclined at some angle 0 toward the source. This was to detect the energy radiated Plate waves (Lamb waves) 29 may also be generated by a laser source in thin plates. These waves are dispersive and hence waves of different frequencies travel at different velocities in the same material. This also means that the different frequencies radiate or "leak" into air at different angles. Lamb waves exist in two sets of modes, symmetric and asymmetric. There are various orders within each set of modes, but if the plate thickness t is small enough, then only two modes exist, the zero-order symmetric (so) and asymmetric (%) modes. At low frequencies, the phase velocity of the symmetric modes will tend toward a single value known as the sheet velocity, which is slightly less than the longitudinal wave velocity for the material. The a 0 mode becomes highly dispersive, however, with low frequencies traveling at lower phase velocities. To detect such modes, the air-coupled electrostatic device can be placed at some angle to the sample (a thin plate) as shown in Fig. 2 , but because of dispersion effects the recorded signal is expected to be a strong function of the angle 0.
II. RESULTS AND DISCUSSION

A. Longitudinal and shear signals
The first experiments compared the signals detected by the silicon electrostatic transducer, using the configuration shown earlier in Fig. 2 , with those of normal displacement of an aluminum surface for bulk mode propagation, detected by the contacting capacitance device of Fig. 4 . The surface motion recorded in a 44-mm-thiek aluminium plate for an ablative source (longitudinal arrival only) from the capacitance transducer is shown in Fig. 5(a) . To illustrate the bandwidth present in this signal, a fast Fourier transform (FFT) of this signal was calculated, the result being presented in Fig. 5(b) . This indicates that the contacting capacitance device was a broadband displacement sensor up to at least 10 MHz, which was also the upper frequency limit of the charge amplifier. The corresponding waveform for the electrostatic air transducer is shown in Fig. 6(a Fig. 6(b) of the air transducer response, the frequency spectrum shown in Fig.  7(c) is produced. The waveform corresponding to this spectrum can be obtained using an inverse FI•E, with the result shown in Fig. 7(d) . This is, in effect, the surface displacement waveform Fig. 7(a) filtered over the restricted range of frequencies detected by the air transducer. Comparison of Fig. 7(d) to the air transducer waveform containing multiple echoes, Fig. 7(b) , demonstrates a high degree of similarity, and so it would be reasonable to assume that the electrostatic device may be approximated to a displacement sensor with a reduced bandwidth, rather than a velocity sensor.
Another experiment was carried out in which the optical power density at the aluminum surface produced by the laser source was gradually increased, so that the generation mechanism changed from thermoelastic expansion to ablation. A selection of waveforms is presented in Fig.  8(a) for the contact capacitance device and Fig. 8(b) 
B. Rayleigh and Lamb wave signals
As previously stated, surface waves (Rayleigh waves) are generated by a laser source at a solid surface simulta-neously with bulk modes. The apparatus used was shown schematically earlier in Fig. 2, using Lamb waves were detected using the arrangement shown earlier in Fig. 2 , initially with the contact capacitance transducer displaced 50 mm laterally from the Nd:YAG laser source. A 300X 300 mm plate of 0.69-minthick aluminum was used, and a typical normal displacement waveform obtained is shown in Fig. 11 . The zcroorder symmetric (So) and asymmetric (a0) modes are clearly visible. Both modes show some dispersion, due to the thickness of the plate and the range of frequencies present, but this is more prominent in the ao mode, as would be expected for the dispersion relations for these modes in thin plates.
By replacing the contact device with the electrostatic air transducer, the various Lamb modes could be detected in air. A selection of waveforms at different angles of the detector (0 in Fig. 2 ) is shown in Fig. 12(a) to (e). At 0=2 ø, the symmetric mode s is clearly visible, but reduces in amplitude at 0-----5 ø, and is not present at 10 ø. This is to be expected, as the s o mode in thin plates has a velocity approaching the sheet (i.e., longitudinal) velocity, and hence will radiate into air at small angles. The higher frequency asymmetric vibrations become more prominent at 0=5ø-10 ø , and at higher angles the frequency content of this asymmetric mode dearly decreases. Lamb waves were also generated and detected in a 1.5-mm-thick plate of polymethylmethacrylate ("Plexiglass" or "perspex") using the CO2 laser described previously as the ultrasonic source. These also displayed the same features, namely the initial s o mode signal, followed by the highly dispersive a 0 mode.
IlL CONCLUSIONS
Experiments have been performed in which lasergenerated ultrasonic waves have been detected using a micromachined electrostatic air transducer. Longitudinal and shear arrivals have been observed in aluminum, brass, and steel, surface waves in aluminum, and Lamb waves in thin plates of aluminum and polymethylmethacrylate ("Plexiglass" or "perspex"). The response of this transducer has been compared with that of a contact capacitance device which is a known broadband surface displacement sensor, and it appears that the electrostatic device is also a displacement sensor with a reduced bandwidth. The flexibility of this hybrid system has been demonstrated, and it should fmd use in many applications where contact with a material needs to be avoided.
